• Dopamine and its receptors in prefrontal cortex (PFC) play an important role in regulating synaptic transmission and PFC-mediated cognitive functions.
Introduction
Axon terminals containing dopamine (DA) are densely distributed in the prefrontal cortex (PFC), DA release from these terminals is involved in a variety of higher-order behavioural and cognitive processes, including attention and working memory (Goldman-Rakic, 1998; Lewis et al. 1998; Seamans & Yang, 2004) . Alteration of dopaminergic modulation in PFC may lead to brain disorders such as schizophrenia and Parkinson's disease. Therefore, it is critical to reveal the underlying mechanisms of dopaminergic modulation in PFC neurons. After release, DA binds to its G-protein-coupled receptors, mainly D1-like and D2-like receptors (D1 and D2 for short), and regulates the activity of cAMP-PKA signalling pathway (Neve et al. 2004; Beaulieu & Gainetdinov, 2011) . Activation of D1 receptors increases the production of cAMP and thus the activity of PKA, whereas activation of D2 receptors has an opposite effect; therefore, it is expected that activation of these receptors could produce distinct effects on ion channels, such as Na + channels (Valentijn et al. 1991; Geijo-Barrientos & Pastore, 1995; Gorelova & Yang, 2000; Maurice et al. 2001 ) and K + channels (Surmeier & Kitai, 1993; Harris-Warrick et al. 1995; Werner et al. 1996; Yang & Seamans, 1996; Dong & White, 2003; Dong et al. 2004 Dong et al. , 2005 Witkowski et al. 2008) , and consequently regulate the excitability of PFC neurons as well as their synaptic communication (Gao et al. 2001; Seamans et al. 2001; Neve et al. 2004; Rotaru et al. 2007; Di Pietro & Seamans, 2011) .
As we know, K V channels play important roles in regulating AP waveforms and firing properties (including firing pattern and frequency). Changes in their biophysical properties may have a profound impact on the AP signalling in individual neurons and the operation of cortical circuits. AP waveform profiles, the repolarization phase in particular, in different compartments of a given neuron are determined by specific K + channel subtypes. For example, in cortical pyramidal neurons, somatic APs are regulated by the rapidly activating and inactivating K V 4-mediated A-type K + currents (A-current; Kang et al. 2000; Kim et al. 2005; Yuan et al. 2005; Nerbonne et al. 2008) as well as the rapidly activating but slowly inactivating K V 1-mediated K + currents (known as D-current; Bekkers & Delaney, 2001; Mitterdorfer & Bean, 2002) . In the axon initial segment and the main axonal trunk, the repolarization of APs is largely determined by K V 1 channels that are selectively distributed in these compartments (Kole et al. 2007; Shu et al. 2007b; Goldberg et al. 2008) . Inactivation of these axonal K V 1 channels in response to somatic subthreshold depolarization can lead to broadening of axonal APs and an increase in neurotransmitter release, a new mode of neuronal signalling known as analog communication (Alle & Geiger, 2006; Shu et al. 2006) . This mode of neuronal communication has been demonstrated to regulate the operation of microcircuits that mediate recurrent inhibition and thus contribute to the maintenance of a dynamic excitation-inhibition balance in the cerebral cortex (Zhu et al. 2011) . Therefore, regulation of the axonal K V 1 channels and AP waveforms may alter neuronal signalling and circuit functions.
Previous studies revealed that K V channels are subjected to DA modulation in the PFC. Application of DA could suppress K + currents via the activation of D1 receptors and the downstream cAMP-PKA pathway in pyramidal neurons (Yang & Seamans, 1996; Yang et al. 1999; Dong & White, 2003) and fast-spiking parvalbumin-positive neurons in the PFC (Gorelova et al. 2002) . Activation of D2 receptors and subsequent down-regulation of cAMP-PKA pathway may also contribute to DA modulation of K + currents (Dong et al. 2004) . Because of space-clamp problems with somatic whole-cell recording, macroscopic K + currents recorded at the soma were most likely perisomatic. Therefore, it is still unknown whether K + channels distributed at remote locations down the axon are subjected to dopaminergic modulation. Recent studies in cartwheel interneurons in the brain stem show that Ca 2+ channels expressed at the axon initial segment can be modulated by DA release from nearby dopaminergic fibres, and this modulation can switch neuronal firing from bursts to tonic spiking (Bender et al. 2010 (Bender et al. , 2012 ; we thus speculate that DA may also modulate axonal K V channels and regulate AP conduction along cortical axons and subsequent neurotransmitter release.
In this study, we report that axonal K + currents at the proximal unmyelinated segments of the main axon in PFC pyramidal neurons were modulated by DA receptors, with the activation of D1 and D2 receptors suppressing and enhancing K + currents respectively, resulting from the differential regulation of the activity of intracellular cAMP-PKA signalling pathways. Further experiments revealed that dopaminergic modulation of axonal K suggesting a new mechanism underlying dopaminergic modulation of neuronal signalling.
Methods

Ethical approval
The use and care of the experimental animals (Sprague-Dawley rats) in this project was approved by the Animal Advisory Committee at the Shanghai Institutes for Biological Sciences.
Slice preparation
Coronal slices from prefrontal cortex were prepared from rats (postnatal days 16-22) using protocols described previously (Shu et al. 2007b) . In brief, the animals were initially anaesthetized with sodium pentobarbital (30 mg kg −1 ) and then decapitated. The intraperitoneal injectate volume of pentobarbital for each animal was approximately 0.3 ml, depending on the body weight. After decapitation, the brain was dissected out and immersed in an aerated (95% O 2 -5% CO 2 ) and ice-cold (0 • C) slicing solution that contained 213 mM sucrose as a substitute for 126 mM NaCl in normal ACSF. Slices were then incubated in the normal ACSF (in mM: 126 NaCl, 2.5 KCl, 2 MgSO 4 , 2 CaCl 2 , 26 NaHCO 3 , 1.25 NaH 2 PO 4 , and 25 dextrose; 315 mosmol l −1 ; pH 7.4; 35 • C). After 1 h incubation, slices were transferred to a recording chamber bathed with aerated ACSF at 36-36.5
• C. Cortical neurons were visualized with an upright infrared differential interference contrast (IR-DIC) microscope (BX51WI; Olympus).
Electrophysiological recordings
Patch-clamp recordings were achieved from both the soma and the terminal bleb of the cut axon of layer 5 regular-spiking pyramidal neurons (Shu et al. 2006 (Shu et al. , 2007a Hu et al. 2009) . Patch pipettes had an impedance of 3-6 M for somatic and 5-12 M for axonal recordings when filled with the internal solution containing (in mM) 140 potassium gluconate, 3 KCl, 2 MgCl 2 , 2 Na 2 ATP, 0.3 Na 3 GTP, 10 Hepes, and 0.2 EGTA (288 mosmol l −1 , pH 7.2 with KOH). In order to trace the axon and label the recorded cell, we added Alexa Fluor 488 (100 μM) and biocytin (0.2%) to the internal solution. The K + currents and membrane potential were low-pass filtered at 10 kHz and sampled at a frequency of 50 kHz. The reversal potential (−109 mV) of K + currents used for the measurement of the conductances was calculated from the Nernst equation.
After obtaining the somatic whole-cell recording, the fluorescent dye was able to diffuse into the recorded cell, allowing visualization of the complete neuronal structures including the dendrites and axons. These neuronal compartments were examined under the fluorescent microscope equipped with a 40× water-immersion objective and a magnifier of up to 2×. We frequently observed the blebs (4-5 μm in diameter) at the cut end of the axon. Patch-clamp recordings from these axon blebs were guided by switching back and forth between the fluorescent and differential interference contrast (DIC) images, tight-seal (G seal) recordings, including intact whole-cell recording and outside-out patch recording, could be achieved easily from the blebs. For simultaneous recording from the soma and axon, patch pipettes for axonal recording were filled with a similar internal solution to those used for somatic recording except that no fluorescent dye was added. After recording, slices were transferred to 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB). Diaminobenzidine (DAB) staining was employed for visualization of the recorded neurons and measurement of the axon length. Signals were amplified and acquired by using the Multiclamp 700B amplifier and pClamp10 software (Molecular Devices, Sunnyvale, CA, USA). Access resistance was monitored frequently during the whole period of simultaneous somatic and axonal recordings. Recordings with series resistance (Rs) larger than 25 M at the soma or 35 M at the axonal bleb were discarded. Since the input resistance of the patches (including somatic nucleated patches, isolated and intact axonal blebs) was >20-fold larger than Rs, the Rs could only introduce a <5% error in the true voltage values. In addition, considering the high risk of damage of the axonal recording induced by the oscillation of Rs compensation, particularly during long recordings with pharmacological treatments, we chose not to apply the Rs compensation. During current-clamp recording, bridge balance and capacitance neutralization were carefully adjusted before and after every experimental protocol. The membrane potential values shown in the text and figures were corrected with a liquid junction potential of 15 mV.
To obtain the voltage waveforms of somatic and axonal APs, we placed a concentric electrode at layer 2/3 near the recorded cell and delivered single electrical shocks (0.1 ms in duration) to the slice. The dual somatic and axonal recording allowed simultaneous detection of somatic and axonal APs in response to the extracellular stimulation (Fig. 1D) . To examine the types of K + currents that mediated the somatic and axonal APs, we utilized the waveform of a somatic AP and its corresponding axonal AP (axon length: 137 μm) as voltage commands to evoke somatic and axonal K AP , respectively. Dual somatic and axonal recording was also employed to examine the effects of D1 receptor activation on the waveforms of somatic and axonal APs evoked by either somatic or axonal current injections (Fig. 8) .
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The outward K + current was isolated by adding 200 μM CdCl 2 and 1 μM TTX to the bath solution to block the voltage-gated Ca 2+ and Na + currents, respectively. For axonal recording, only TTX was used because no inward Ca 2+ currents could be recorded at the axons (>100 μm away from the soma). To investigate the effect of Cd 2+ on the voltage dependence of somatic K + currents, we performed cell-attached recordings from the soma of pyramidal neurons in slices perfused with normal ACSF. Patch pipettes were filled with Ca 2+ -free ACSF containing TTX (1 μM) or TTX + CdCl 2 (200 μM). Voltage-clamp protocols were applied on the assumption that the resting potential of the neuron remained constant at -70 mV. For all recordings, the leak currents were subtracted using an online P/5 procedure. We could obtain K + currents from the regular outside-out patches excised from the axon blebs and also from giant outside-out patches: the somatic nucleated patches (Sather et al. 1992 ) and the isolated axon blebs. To obtain the isolated axon blebs, we made a small cut at the border between the layer 6 and white matter (Hu et al. 2009 ), blebs in the white-matter side were selected for recording. In these experiments, we used the internal solution that contained both the fluorescent dye (Alexa Fluor 488) and biocytin for the bleb recording to verify the success of axon bleb isolation from the soma. These isolated blebs most likely belonged to layer 5 pyramidal neurons because intact bleb recordings at the border between the layer 6 and white matter indicated that the soma was located at layer 5. Axon blebs of superficial pyramidal neurons formed at layer 4 and 5, possibly due to the cutting angle during slicing procedures. SKF81297, SKF38393, SCH23390, SCH39166, quinpirole, eticlopride, PKI, H89, forskolin, XE991, ketanserin and biocytin were obtained from Tocris; DA, 4-AP, yohimbine, prazosin, propranolol and Way-100635 from Sigma. The K V 1 channel blocker α-dendrotoxin (α-DTX) was obtained from Alomone.
Immunostaining
After 3 h fixation in 4% PFA and 4% sucrose (wt/vol) in 0.1 M PB (pH 7.4), brain slices were rinsed in 0.01 M PBS three times and then incubated in 0.5% Triton X-100 for 0.5 h and in blocking solution (10% BSA) for 1 h. Slices were then incubated with the primary antibody (rabbit, AB152, 1:1000, Millipore) against tyrosine hydroxylase (TH) overnight at 4
• C. After a complete wash in PBS, the slices were incubated in the following secondary antibodies (1:1000; Invitrogen) for 2 h at room temperature, the Alexa Fluor 488 avidin conjugate (A-21370) and the Alexa Fluor 555 donkey anti-rabbit IgG (A-31570). For double staining of TH and dopamine β-hydroxylase (DBH), the rats (P15-18) were perfused with normal saline and followed by 4% PFA and 4% sucrose after deep anaesthesia with sodium pentobarbital. Cortical tissues containing the prefrontal cortex were dissected out and post-fixed in the same fixative for 2 h. Coronal sections (50 μm in thickness) were obtained by vibration section. After rinsing in 0.01 M PBS three times, these sections were incubated in 0.5% Triton X-100 for 0.5 h and in blocking solution (10% BSA) for 1 h, and then with the primary antibody against TH and DBH (mouse, MM-008-P, 1:25, Medimabs) overnight at 4
• C. After a complete wash in PBS, the sections were incubated in the following secondary antibodies (1:1000; Invitrogen) for 2 h at room temperature, the Alexa Fluor 488 goat anti-rabbit IgG (A31627) and the Alexa Fluor 594 goat anti-mouse IgG (A31624). Finally the slices (or sections) were washed and then mounted on slides with fluoromount-G (Electron Microscopy Sciences, Hatfield, PA, USA).
Confocal images were taken with a laser scanning confocal microscope (Nikon A1R, Japan). With a 40× objective, we obtained z-stack images (interval of 1 μm) for the labelled cells. Single optical images were acquired with a 60× objective.
Statistical analysis
Data are presented as means ± SEM in the main text and figures. Student's t test was used to examine the significance of difference between data obtained before and after the drug treatment in each group. In addition, we also used one-way ANOVA and post hoc Tukey's test to examine the level of significance of difference among multiple groups. P values less than 0.05 were considered statistically significant.
The K AP was obtained by subtracting the baseline K + current from the AP waveform-evoked K + current. In order to examine the role of different K + current types (A-, M-and D-currents) in mediating the K AP and the effect of DA receptor activation on K AP , we measured the peak amplitude and the integrated charge of K AP to compare the changes in these parameters before and after the application of channel blockers or DA receptor agonists. The peak amplitude of K + currents evoked by AP waveforms or step voltage commands was measured as the difference between the peak and the baseline currents. The integrated charge of K AP was measured as the curve area of current traces above 2 × SD (standard deviation) of baseline noise unless otherwise stated. To examine whether DA receptor activation could have an effect on the AP waveform, we compared the AP peak amplitude, the half-width, the rise time (time to peak) and the repolarization time before and after the application of receptor agonists. The AP peak amplitude (or the rise time) was measured as the voltage (or time) difference between the AP threshold (dV dt −1 = 20 V s −1 ) and the voltage deflection. The AP half-width was measured as the duration at the half-peak AP amplitude. The repolarization time was measured as the voltage drop from the peak to 10% of the peak amplitude.
Results
Somatic and axonal K + currents
Layer 5 pyramidal neurons in the PFC were identified by their typical pyramidal-shaped somata and a long single apical dendrite extending to superficial layers. Somatic patch-clamp recordings were obtained from the soma or nucleated patches, whereas axonal patch-clamp recordings were obtained from the intact or isolated axon blebs (>100 μm away from the soma), which were the cut ends of axons formed during slicing procedures (Shu et al. 2006 (Shu et al. , 2007a Hu et al. 2009 ). We first characterized the electrophysiological properties of voltage-activated K + currents at the soma and the main axon. To obtain pure somatic or axonal K + currents, we performed somatic nucleated patch recording and isolated axon bleb recording ( Fig. 1A ; see Methods). In voltage-clamp mode, we applied a series of 100 ms depolarization pulses from −90 to 110 mV for nucleated patches or to 60 mV for the isolated axon Figure 1 . Distinct properties of somatic and axonal K + currents evoked by step-voltage and AP-waveform commands A, schematic diagram of somatic nucleated patch and isolated axon bleb recording from a pyramidal neuron. The somatodendritic and axonal compartments were shown in blue and red, respectively. B, somatic (blue) and axonal (red) K + currents evoked by voltage steps (soma, from −90 to 110 mV; axon, from −90 to 60 mV; voltage steps for bleb recording were shown). C, activation curves of somatic and axonal K + currents. D, left, DAB staining of a layer 5 pyramidal neuron after simultaneous recording from the soma and the axon bleb (scale bar, 100 μm). The area in the white box was enlarged for clarity (scale bar, 20 μm). * indicates the location where the stimulation electrode was placed. D, right, somatic and axonal APs evoked by extracellular stimulation (membrane potentials before the somatic and axonal action potentials were −77 mV and −73 mV, respectively). These APs were then used as voltage commands for somatic nucleated patch and axonal outside-out patch recordings. E, somatic nucleated patch recording. Top, the blockade of somatic K AP by 50 μM and 5 mM 4-AP. Bottom, bar graph of relative inhibition of the peak amplitude of somatic K AP by a low or high concentration of 4-AP. F, recording from outside-out patches excised from the axon blebs. Top, the blockade of axonal K AP by 50 μM 4-AP and 1 μM α-DTX. Bottom, bar graph of relative inhibition of the axonal K AP by α-DTX, 4-AP, and XE991. Number of patches indicated in the bar graphs. * * P < 0.01, * * * P < 0.001. J Physiol 591.13 blebs and calculated the peak conductance of K V channels ( Fig. 1A-C) . Comparison of the activation properties revealed significant differences between somatic and axonal K + currents (Fig. 1C) . Axonal K + currents showed a more hyperpolarized half-activation voltage (V 1/2 ) than somatic currents (−17.5 ± 1.2 vs. 9.1 ± 4.2 mV). The axonal K + currents had a slope factor (k) of 13.0 ± 0.5 (n = 12 axon blebs), less than that of somatic currents (20.4 ± 1.6, n = 7 nucleated patches; Fig. 1C ). Consistent with previous reports (Bekkers, 2000b; Kang et al. 2000; Kim et al. 2005; Yuan et al. 2005) , these results suggested a differential distribution of K V channel subtypes at the somatic and axonal compartments.
To investigate the type of K + currents and related channel subtypes that mediate the repolarization phases of APs, we performed voltage-clamp experiments using AP waveforms as voltage commands to evoke transient K + currents (K AP ; Fig. 1D-F) . Using simultaneous whole-cell recording from the soma and the axon (137 μm from the soma), we obtained somatic and axonal APs evoked by electrical stimulation with a concentric electrode (Fig. 1D) . These APs were then used as voltage commands in waveform-clamp recordings in nucleated patches and outside-out patches from axon blebs, respectively ( Fig. 1D-F) . For somatic K AP , bath application of 4-AP at a low concentration (50 μM) that selectively blocks K V 1-mediated D-current caused a slight decrease in the peak amplitude (to 88.0 ± 3.1% of control, P < 0.01) and the integrated charge (to 94.4 ± 4.6% of control, P > 0.05, n = 11); however, with a high concentration of 4-AP (5 μM) that blocks A-type K + currents, the peak amplitude and integrated charge were dramatically reduced to 15.7 ± 2.1% and 12.5 ± 4.0% (P < 0.001 for both parameters, n = 6; Fig. 1E ), respectively. In contrast, for axonal K AP , 50 μM 4-AP reduced the peak amplitude to 23.4 ± 3.2% and the integrated charge of axonal K AP to 11.1 ± 2.7% of control (n = 14; Fig. 1F ). Similarly, puff application of α-DTX (1 μM), a K V 1 channel selective blocker, dramatically decreased the peak amplitude of axonal K AP to 41.3 ± 7.0% and integrated charge to 36.8 ± 7.6% (n = 7). Considering that K V 7 channels distributed at the axon initial segment play an important role in determining AP threshold and neuronal firing properties (Pan et al. 2006; Shah et al. 2008) , we further investigated their role in mediating the axonal K AP . Bath application of XE-991 (10 μM), a selective blocker for K V 7-mediated M-current, showed no effect on both peak amplitude (99.0 ± 10.7% of control) and the integrated charge (106.0 ± 15.4% of control, n = 6) of the axonal K AP (Fig. 1F) . Collectively, these results demonstrate that somatic K AP was dominated by the A-current, whereas axonal K AP was dominated by the K V 1-mediated D-current.
Dopaminergic modulation of axonal K + currents
In somatic whole-cell recording configuration, previous studies showed that the modulation of ion channels and neuronal activities in PFC by DA was normally mediated by D1 and D2 receptors (Gorelova & Yang, 2000; Maurice et al. 2001; Dong & White, 2003; Dong et al. 2004; Rotaru et al. 2007) ; in our experiments, we further examined the effect of DA, as well as selective D1 or D2 receptor agonists, on axonal K + currents. The K + currents were elicited by stepping the voltage from -90 mV to a test potential of -10 mV, at which the evoked peak K + conductance was approximately half of the maximum ( Fig. 2A) . We found a substantial suppression of the axonal K + current (to 82.8 ± 1.5% of control, n = 7, P < 0.001) after the bath application of a specific D1 receptor agonist SKF81297 (50 μM; Fig. 2A , B and E). In contrast, application of a specific D2 receptor agonist quinpirole (1 μM) significantly enhanced axonal K + current to 106.7 ± 2.1% (n = 8, P < 0.05; Fig. 2C and E). Interestingly, application of DA (50 μM) had no significant effect on the peak amplitude of K + currents (to 96.4 ± 1.8%, n = 9, P = 0.09; Fig. 2D and E), probably resulting from the net effect of simultaneous activation of DA receptor subtypes including D1 and D2 receptors. These results indicate that the sign of dopaminergic modulation depends on DA receptor subtypes activated under certain conditions.
We next examined whether the specific modulatory effects of D1 and D2 receptor activation on K + currents could be blocked by their corresponding antagonists (Fig. 2E) . Interestingly, bath application of the D1 receptor antagonist SCH23390 at a concentration of 10 μM, which showed no detectable effect on the baseline K + currents, could block the inhibitory effect of SKF81297 on somatic (Supplemental Fig. 1 ) but not axonal K + currents (76.5 ± 5.0%, one-way ANOVA, P < 0.001; Fig. 2E ). Increasing the concentration of SCH23390 to 20 μM substantially decreased the axonal K + currents (Fig. 2E ), indicating that SCH23390 may have non-specific effects on other receptors. We also used another D1 antagonist SCH39166 in subsequent experiments (Fig. 5) . In contrast, we found that the facilitation of axonal K + currents induced by D2 receptor agonist quinpirole was blocked by the pretreatment of D2 receptor antagonist eticlopride at a concentration of 1 μM (paired t test: before and after quinpirole application, P > 0.05; post hoc Tukey's test: comparing quinpirole and quinpirole+eticlopride, P > 0.05; Fig. 2E ).
Taken together, these results showed that axonal K V channels were subjected to modulation by DA receptors, and that activation of D1 and D2 receptors inhibited and facilitated axonal K + current, respectively.
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Role of cAMP-PKA signalling pathway
Next, we examined the downstream intracellular pathways responsible for the modulatory effects of DA receptors on axonal K + currents. Previous studies revealed that, at the soma, dopaminergic modulation of K + currents was attributed to the activation of the cAMP-PKA signalling pathway (Valentijn et al. 1991; Greif et al. 1995; Dong & White, 2003; Dong et al. 2004) . We therefore investigated whether this pathway was involved in dopaminergic modulation of the axonal K + currents. Bath application of forskolin (50 μM), an adenylate cyclase agonist, significantly suppressed axonal K + currents (Fig. 3A) . The peak amplitude was reversibly decreased to 77.4 ± 1.6% (n = 6, P < 0.001) in the presence of forskolin, and this depression could be abolished when the patch pipette was loaded with the PKA inhibitor PKI (100 μM; n = 5; Fig. 3C ), suggesting that PKA activation is necessary in modulating axonal K + currents. Bath application of 10 μM H-89, a selective PKA inhibitor, elicited no changes in the peak amplitude of axonal K + currents (99.8 ± 2.6%, n = 8; Fig. 3B-C) ; but pretreatment with H-89 abolished the inhibitory effect of D1 receptor activation by its agonist SKF81297 (50 μM) on K + currents (n = 4; Fig. 3B-C) . Together, these results corroborate the idea that the activation of D1 receptors Figure 2 . Modulation of axonal K + current by the activation of D1 and D2 receptors A, left, schematic diagram for axon bleb recording from a pyramidal neuron; right, example recording showing a decrease in peak amplitude of axonal K + currents after bath application of D1-specific agonist SKF81297 (SKF, 50 μM, dark grey). B, time course of the inhibitory effect of SKF81297 (horizontal bar) on axonal K + currents (n = 7). Bottom, changes in input resistance (R input ) during the recording. C, time course of the facilitatory effect of D2-specific agonist quinpirole (1 μM) on axonal K + currents (n = 8). D, no significant change in the peak amplitude of K + currents after bath application of 50 μM DA (n = 9). E, bar graph of the effects of D1 and D2 agonists and antagonists on the peak amplitude of axonal K + currents. Paired t test (black asterisks) was used for the comparison of data before (control) and during drug application in individual groups. One-way ANOVA and post hoc Tukey's test (grey asterisks) were used to examine the significance level of difference among groups (SKF, SFK+SCH23390 and SCH23390; quinpirole, quinpirole+eticlopride and eticlopride) . No asterisk will be shown if P > 0.05. * P < 0.05; * * P < 0.01, * * * P < 0.001.
J Physiol 591.13 may activate cAMP-PKA signalling pathway and the elevated activity of PKA may subsequently inhibit axonal K + currents. Dopaminergic modulation of K V channels could result in changes in channel properties; we therefore investigated the changes in the voltage-dependent properties of axonal K + current upon PKA activation. In this experiment, we obtained K + currents from isolated axon blebs to avoid contamination with K + currents from somatodendritic compartments. K + currents were elicited by 100 ms voltage steps (from −90 to 60 mV, 10 mV per step). We found that bath application of forskolin (50 μM) showed no changes in the maximum conductance of K V channels (Fig. 4A) . However, the activation curve of axonal K + currents showed a rightward (depolarizing) shift after forskolin application and, consistently, a leftward (hyperpolarizing) shift when using pipette solution containing 100 μM PKI ( Fig. 4B and C), indicating constitutive phosphorylation of the channels. The V 1/2 values for forskolin and PKI groups were −11.2 ± 0.8 (n = 10) and −23.2 ± 1.5 mV (n = 8), respectively, significantly different from that under control conditions (−17.5 ± 1.2 mV, n = 12; P < 0.001 and P < 0.01 respectively). Application of forskolin and PKI showed no significant change in the slope of the activation curve (13.0 ± 0.5 for control, 13.7 ± 0.7 for forskolin and 13.9 ± 0.8 for PKI; Fig. 4D ). Unlike the opposite shift of activation curves, both forskolin and PKI shifted the inactivation curve toward hyperpolarizing membrane potential levels. The V 1/2 values for channel inactivation were −77.5 ± 1.5 (n = 6) for forskolin and −80.6 ± 1.5 mV (n = 6) for PKI, significantly different from that in control conditions (−72.7 ± 1.0 mV, n = 11; Fig. 4B and C) . Again, the slope factor showed no significant change (6.5 ± 0.3 for control, 5.7 ± 0.4 for forskolin and 5.6 ± 0.2 for PKI). Together these results demonstrate that the cAMP-PKA system was intact in the axon even isolated from the somatodendritic compartments, changes in its activity could regulate the properties of axonal K + channels, with an increase (or decrease) in cAMP-PKA pathway depolarizing (or hyperpolarizing) the V 1/2 for channel activation. A, top, in intact axon bleb recording, K + currents were reversibly reduced by the bath application of 50 μM forskolin (dark grey). A, bottom, group data showing the time course of peak K + currents in the presence of forskolin (n = 6). B, bath application of the selective PKA inhibitor H-89 (10 μM) blocked the inhibitory effect of SKF81297 (50 μM) on axonal K + currents. C, group data showing that the inhibitory effect of forskolin was abolished by adding 100 μM PKI to the pipette solution, and that the effect of SKF81297 on axonal K + currents was blocked by pretreatment with 10 μM H-89. * * * P < 0.001.
Dopaminergic modulation of axonal K + channels 3241
Dopaminergic modulation of AP waveform-evoked axonal K + current
Next, we investigated whether K + currents activated during APs were subjected to modulation by DA receptors. In this experiment, we obtained whole-cell recordings from intact axon blebs and used the AP waveform as voltage commands to evoke K AP . We found that the bath application of the D1 receptor agonist SKF81297 (50 μM) reduced the K AP (Fig. 5A and B) to a similar degree to its effect on K + currents evoked by step-voltage command (Fig. 2) . The peak amplitude and integrated charge of K AP were decreased by 25.8 ± 1.5% (P < 0.001) and 19.0 ± 2.7% (P < 0.001), respectively (n = 6; Fig. 5C and D). The inhibitory effect of SKF81297 on K AP was dose dependent. At 20 μM, SKF81297 still significantly decreased the peak amplitude of K AP (to 87.2% of control, n = 5, P < 0.05), but at 10 μM there was no effect on K AP (96.7% of control, n = 4, P > 0.05; Fig. 5D ).
In addition, another D1 receptor agonist SKF38393 (10 μM) also significantly suppressed the peak amplitude of axonal K AP to 83.2 ± 4.5% (n = 7, P < 0.01; Fig. 5A ) and slightly decreased the integrated charge to 90.3 ± 4.6% of control (P > 0.05). To examine whether this dopaminergic modulation occurs only in early developmental stages, we performed similar experiments in young adult animals (P28-32). We found that the peak amplitude and the integrated charge of axonal K AP were decreased to 67.5 ± 5.7% and 71.8 ± 5.1% of control (n = 7, P < 0.01 for both, data not shown) in the presence of SKF81297 at 50 μM, indicating the dopaminergic modulation of axonal K + channels also occurs in adult animals. In contrast, the activation of D2 receptors by quinpirole (1 μM) increased the peak amplitude of K AP and the integrated charge by 4.3 ± 1.8% (P = 0.047, n = 8) and 7.3 ± 2.0% (P < 0.01), respectively ( Fig. 5C and D) . The facilitatory effect of quinpirole was blocked by D2 receptor antagonist eticlopride (1 μM; Fig. 5D ). Again, the D1 Figure 4 . Voltage dependence of axonal K + currents (at isolated blebs) was subject to modulation by intracellular cAMP-PKA pathway A, top and middle, example traces of axonal K + currents evoked by voltage steps from −90 to 60 mV before and after the application of forskolin. Black traces indicate the currents evoked by stepping the voltage from −90 to −10 mV. Bottom, voltage commands. B, activation and inactivation curves under different conditions. The steady-state inactivation of K + currents was examined by applying a series of 5-s-long hyperpolarizing steps (from a holding potential of −25 mV to −115 mV). Forskolin was applied through bath perfusion. PKI (100 μM) was applied through dialysis using PKI-containing pipette solution. Note the right and left shift of activation curves by forskolin and PKI, respectively. C, V 1/2 values of activation and inactivation curves under different conditions. * P < 0.05; * * P < 0.01, * * * P < 0.001.
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Figure 5. Opposite effects of D1 and D2 receptor activation on the axonal K AP A, left, schematic diagram of intact bleb recording from a pyramidal neuron; right, example recording showing an inhibitory effect of D1 agonist SKF81297 (50 μM) and SKF38393 (10 μM) on axonal K AP (evoked by the same axonal AP waveform shown in Fig. 1D) . B, group data showing the time course of the inhibitory effect of SKF81297 on axonal K AP (n = 6). C, group data showing the reversible effect of SKF81297 (50 μM) and quinpirole (D2 agonist, 1 μM) on the peak amplitude and the integrated charge of K AP . D, group data showing that D1 and D2 agonists significantly decreased and increased the peak amplitude of K AP , respectively. D1 antagonist SCH39166 (20 μM) could not block the inhibitory effect of SKF81297; D2 antagonist eticlopride (1 μM) blocked the facilitatory effect of quinpirole. E, group data showing the time course of the depressant effect of DA (10 μM) on axonal K AP in the presence of D2 receptor antagonist eticlopride (2 μM). F, group data showing the reversible effect of DA (10 μM) in the presence of eticlopride. G, group data showing the effects of DA in the presence of antagonists of DA, adrenergic or serotonergic receptors. Note that the depressant effect of DA on K AP was enhanced by eticlopride, but SCH23390 failed to block this effect. * P < 0.05, * * P < 0.01, * * * P < 0.001.
Dopaminergic modulation of axonal K
+ channels 3243 receptor antagonist SCH23390 (10 μM) failed to block the inhibitory effect of SKF81297 on K AP (also see Fig. 2 ). Considering that SCH23390 may have non-specific effects on other receptors, we applied another D1 receptor antagonist, SCH39166, and found that bath application of SCH39166 at a concentration of 20 μM also failed to block the effect of SKF81297 (from 74.2 ± 1.5% to 80.4 ± 2.8%, n = 9, post hoc Tukey's test, P = 0.22; Fig. 5D ). In order to further verify the depressant effect of D1 receptor activation on axonal K AP , we examined the effect of DA on K AP in the presence of the D2 receptor blocker eticlopride (2 μM). We found that the suppression of the peak amplitude of K AP by DA was increased from 5.9 ± 1.1% (n = 5) to 15.8 ± 0.7% (n = 6, P < 0.001; Fig. 5E-G) , indirectly indicating the existence of D1 receptor-mediated modulation. Again, the inhibitory effect of DA could not be blocked by SCH23390. In the presence of eticlopride and SCH23390, the peak amplitude of K AP showed a decrease of 18.3 ± 3.1% (n = 11, P < 0.001; Fig. 5G . See Discussion). Previous studies suggested that DA and its receptor agonists could also activate adrenergic and serotonergic receptors (Briggs et al. 1991; Cornil et al. 2002) . To rule out the possibility that DA-induced reduction of axonal K + currents resulted from the interaction of DA and adrenergic or serotonergic receptors, we examined whether the antagonists of these receptors could block the effect of DA. Considering the involvement of the cAMP-PKA pathway in the DA-induced reduction in K + currents (Fig. 3) , we first examined the effect of propranolol, a β-adrenergic receptor antagonist. In the presence of propranolol (10 μM) and eticlopride (2 μM), DA application still caused a significant reduction in the peak amplitude of K AP (to 81.8 ± 4.3%, n = 7, P < 0.01; Fig. 5G ). Next, we used a cocktail of antagonists for adrenergic (1 μM α2 receptor antagonist yohimbine and 1 μM α1 antagonist prazosin) and serotonergic receptors (1 μM 5-HT 1A antagonist Way-100635 and 10 μM 5-HT 2 antagonist Ketanserin). Again, DA (also in the presence of eticlopride) suppressed axonal K AP to a similar degree (82.6 ± 2.0%, n = 8, P < 0.001; Fig. 5G ). These results suggest that DA-induced modulation of axonal K + currents was not attributable to crosstalk between DA and adrenergic or serotonergic receptors.
Since the α-DTX-sensitive K + currents dominated K AP , K V 1 channels could be the main target of dopaminergic modulation. However, our experiments further demonstrated that, in the presence of α-DTX (100 nM), the remaining K + currents were also inhibited by D1 receptor activation (by 27.8 ± 3.8% of peak amplitude, n = 5, P < 0.01; Supplemental Fig. 2) . Together, these results show that K + currents activated during APs were subjected to the dopaminergic modulation; the 'sign' of the modulation (depressing or facilitating) was dependent on the subtypes of DA receptors activated.
Presence of functional D1 receptors at the main axonal trunk
To investigate whether DA receptors expressed at the main axonal trunk, we performed pharmacological experiments in axon blebs that were disconnected from the soma but with a segment of axon attached (see Methods; Fig. 6A ). We found that D1 receptor activation reversibly decreased K AP (Fig. 6B-D) , the peak amplitude and integrated charge of K AP decreased to 70.0 ± 1.9% (P < 0.001) and 86.4 ± 1.4% of control (P < 0.001, n = 8; Fig. 6C-E) , respectively. In contrast, D2 receptor activation showed little effect on axonal K AP in this preparation (n = 6; Fig. 6D and E) . We next investigated whether D1 receptor activation could have an effect on the voltage dependence of axonal K + channels. In the presence of 50 μM SKF81297, the activation and inactivation curves showed depolarizing and hyperpolarizing shifts, respectively ( Fig. 6F and G) , consistent with the effect of forskolin (Fig. 4B) . The activation V 1/2 (−12.6 ± 1.8 mV) and the slope factor (16.6 ± 1.1, n = 8) were significantly different from those of controls (−17.5 ± 1.2 mV and 13.0 ± 0.5, n = 12; P < 0.05 and P < 0.01; Fig. 6F ). The inactivation V 1/2 was significantly hyperpolarized in the presence of SKF81297 (−72.7 ± 1.0 mV in control vs. −79.5 ± 1.2 mV in SKF, P < 0.001), while the slope factors showed no significant difference (6.5 ± 0.3 vs. 7.0 ± 0.2, P > 0.05; Fig. 6G ), respectively. Taken together, these results indicate the presence of functional D1 receptors at the main axonal trunk, activation of these receptors was sufficient to modulate axonal K + channels. In addition, we found that the TH-containing fibres and terminals were closely adjacent to the layer 5 pyramidal neuron axons (n = 6; Fig. 7A ), suggesting a dopaminergic innervation of these axons. Although our immunostaining experiments also revealed that a large proportion of the TH-containing fibres (64.5 ± 4.0% of total fibre length, n = 7 from 3 rats) in deep cortical layers were also DBH-positive (noradrenergic axons; Fig. 7B ), co-release of DA and noradrenaline can occur at these double-stained axons (Devoto et al. 2001 (Devoto et al. , 2004 . Whether the release of noradrenaline can regulate the properties of axonal channels remains to be examined.
Dopaminergic modulation of AP waveforms
In cortical pyramidal neurons, K V 1 channels are selectively distributed in the axon and mediate the D-current; inactivation of this current after modest depolarization may result in broadening of axonal APs and thus enhancement of synaptic transmission, a potential mechanism for presynaptic membrane potential-dependent analog communication between J Physiol 591.13
Figure 6. Dopaminergic modulation of K AP was intact in isolated axons
A, left, schematic diagram of the isolated axon bleb recording; right, DAB staining of an isolated axon bleb connected with a segment of axon (180 μm in length). The axon bleb (white arrow) was mechanically isolated from the main axon trunk before recording (see Methods). The white arrowhead indicates the proximal end of the isolated axon. The black arrow indicates the edge of the cut. Scale bar, 20 μm. B, example recording from the isolated axon bleb shown in A. Note the inhibitory effect of SKF81297 (50 μM) on K AP . C, group data showing the time course of the inhibitory effect of SKF81297 (n = 8). D and E, group data showing the effect of D1 and D2 receptor agonists on the peak amplitude and the integrated charge of K AP . F and G, SKF81297 shifted the activation and inactivation curves of K + currents obtained in isolated axon blebs. Inset, comparison of V 1/2 and slope factors (k) in control with those in SKF81297 (n = 8). * P < 0.05; * * P < 0.01, * * * P < 0.001.
Dopaminergic modulation of axonal K
+ channels 3245 cortical neurons (Kole et al. 2007; Shu et al. 2007b) . Therefore, we further examined whether dopaminergic modulation of axonal K + current could shape the waveform of axonal AP.
We performed dual whole-cell recording at the soma and the axon bleb in PFC pyramidal neurons. First, we injected depolarizing step currents through the somatic whole-cell recording electrode to evoke trains of APs. Dual recording allowed simultaneous monitoring of these APs at the soma and the axon. We found that waveforms of both somatic and axonal APs were broadened after the application of the D1 agonist SKF81297 (50 μM; Fig. 8A-D) . Close examination of the AP waveforms during the AP train revealed that SKF81297 showed a stronger effect on the first axonal AP compared with its effect on the first corresponding somatic AP (Supplemental Fig. 3) . This difference might be attributable to differential distribution of channel subtypes at the soma and the axon. The half-width of axonal APs increased from 1.30 ± 0.20 to 1.76 ± 0.24 ms (P < 0.01, n = 9). Although the peak amplitude of APs decreased from 52.9 ± 8.8 to 42.0 ± 6.0 mV (P < 0.05), the integrated area increased from 51.0 ± 8.0 to 57.0 ± 8.5 mV ms (P < 0.01; Fig. 8A-D) . The increase in AP duration mainly resulted from the broadening of the repolarization phase because the rising phase (time to peak) was much shorter than the falling phase (repolarization time) and only increased from 0.60 ± 0.09 to 0.87 ± 0.15 ms (P < 0.05), while the falling phase increased from 1.94 ± 0.35 to 2.51 ± 0.34 ms (P < 0.05; Fig. 8A-D) . The changes in the rising phase and the peak amplitude may mainly result from the dopaminergic modulation of Na + channels (Surmeier & Kitai, 1993; Yang & Seamans, 1996; Maurice et al. 2001; Rotaru et al. 2007) . Similar results were observed in somatic APs, as shown by an increase in the half-width (from 1.29 ± 0.07 to 1.49 ± 0.08 ms, P < 0.001) and a decrease in AP peak amplitude (from 73.9 ± 2.3 to 71.7 ± 2.5 mV, P > 0.05). The integrated area of somatic APs increased from 77.5 ± 3.3 to 87.7 ± 4.6 mV ms (P < 0.001, n = 9; Fig. 8A-D) . The waveform changes of somatic APs were consistent with the dopaminergic modulation of K + currents at the soma (Supplemental Fig. 1 ; Surmeier & Kitai, 1993; Dong & White, 2003) .
Since APs recorded at the axon blebs (>100 μm away from the soma) were propagating APs that arrived at the bleb, their waveforms could be influenced by somatodendritic APs. To further determine the direct effect of D1 receptor activation on axonal APs, we injected step current locally at the axon bleb to evoke axonal APs as well as backpropagating APs at the soma (Fig. 8E) . Consistent with previous findings (Shu et al. 2007b) , only one AP per step current stimulation was observed. The waveforms of axonal APs were also broadened in the Figure 8 . Modulation of AP waveforms at the soma and the axon by D1 receptor activation A, an example dual recording from the soma and the axon. Trains of APs were recorded at both recording sites in response to DC current injection (500 ms in duration) at the soma. B, expansion of the first APs during the AP train obtained in control (soma, blue; axon, red), SKF81297 (50 μM, orange) treatment and washout (grey). Note that bath application of SKF81297 broadened the waveforms of both somatic and axonal APs. C, time course of AP waveform changes shown in B. The horizontal bar indicates the treatment of SKF. D, group data showing significant increases in the duration of both rising (time to peak) and repolarizing phases of APs. Top, somatic APs; bottom, axonal APs. E, same recording as in A and B. Stimulating the axon with DC current injection only evoked single APs at both recording sites. F, expansion of APs showing the broadening induced by SKF81297. G, time course of AP waveform (half-width) changes shown in F. H, group data showing that both the rising and repolarizing phases were significantly prolonged by SKF81297. * P < 0.05; * * P < 0.01, * * * P < 0.001.
+ channels 3247 presence of SKF81297 (50 μM), the AP half-width increased from 1.13 ± 0.19 ms to 1.45 ± 0.23 ms (P < 0.001, n = 7) and the integrated voltage area increased from 51.8 ± 7.5 to 58.5 ± 8.0 mV ms (P < 0.05; Fig. 8E-H) . Similar results were obtained for backpropagating APs that arrived at the soma: the half-width increased from 1.30 ± 0.15 to 1.49 ± 0.16 ms (P < 0.01) and the integrated voltage area increased from 84.4 ± 8.4 to 93.1.7 ± 8.6 mV ms (P < 0.05). In contrast, the D2 receptor agonist quinpirole had no significant effect on the waveforms of APs evoked at the soma or the axon bleb (Supplemental Fig. 4 ), reflecting its relatively weak effect on K AP in both intact axon and isolated axon bleb. Together, these results show that local axonal APs were subjected to modulation by DA receptors, a mechanism that may contribute to the dopaminergic modulation of neuronal signalling at the PFC and participate in the regulation of cognitive functions.
Discussion
In this study, we found that A-and D-currents dominated the K + currents activated during somatic and axonal APs, respectively, and axonal K + channels were subjected to modulation by D1 and D2 dopamine receptors via cAMP-PKA pathways. In addition, we showed that this dopaminergic modulation could shape AP waveforms, particularly their repolarizing phases. Since changes in AP duration are tightly coupled with synaptic strength, these results point to a new mechanism for dopaminergic modulation of synaptic transmission.
Previous studies mainly focused on whole-cell K + currents using somatic recordings (Yang & Seamans, 1996; Yang et al. 1999; Gorelova et al. 2002; Dong & White, 2003; Dong et al. 2004) . In this study, by performing patch-clamp recording from isolated axon blebs combined with somatic nucleated patch recording, we revealed distinct biophysical properties of somatic and axonal K + channels, with axonal K + channels activating at much lower activation threshold (Fig. 1C) . Using AP waveforms as voltage commands, we further demonstrated that the rapidly activating and inactivating A-currents dominated the somatic K AP , whereas the slowly inactivating D-current dominated the axonal K AP . The complete blockade of somatic K AP by millimolar 4-AP indicated a dominant role of A-currents in mediating the repolarization of somatic APs. In contrast, micromolar 4-AP and α-DTX dramatically reduced the axonal K AP , indicating that K V 1-mediated D-currents played a dominant role in controlling the repolarization of axonal APs. These results were consistent with previous reports showing that α-DTX prolongs axonal but not somatic APs (Kole et al. 2007; Shu et al. 2007b) . The inactivation of these axonal α-DTX-sensitive currents upon subthreshold depolarization could cause broadening of axonal APs and thus mediated membrane potential-dependent analog signalling between cortical neurons (Shu et al. 2006 (Shu et al. , 2007b Kole et al. 2007) . Although K V 7-mediated M-currents exist at the axon initial segment and play important roles in determining the AP threshold and firing properties (Pan et al. 2006; Shah et al. 2008) , our results revealed no contribution from K V 7 channels to axonal K AP (Fig. 1F) . In this study, we did not investigate the K + channel subtypes that mediate the dendritic K AP . Since the properties of single K + channels are similar along the somatodendritic axis (Bekkers, 2000a) , the A-currents may also dominate the dendritic K AP . Previous studies showed that the presence of Cd 2+ may shift the activation curve of K + currents (Song et al. 1998) , in order to exclude the possibility that Cd 2+ may have an effect on the voltage dependence of somatic K + currents, we therefore performed cell-attached recording from the soma with patch pipettes filled with or without Cd 2+ . However, we found no shift in activation curves (Supplemental Fig. 5 ), suggesting that the differential voltage dependence of somatic and axonal channels is attributable to selectively distributed channel subtypes.
Dopamine levels at the PFC play important roles in several high-order cognitive functions such as attention and working memory (Goldman-Rakic, 1998; Lewis et al. 1998; Seamans & Yang, 2004) ; disruption of dopaminergic system may cause brain disorders including depression and schizophrenia. Dopaminergic modulation of ion channels through dopamine receptors and related intracellular signalling pathways is important for neuronal signalling and circuit operation. The channel subtypes K V 4 and K V 1 could be regulated by channel phosphorylation via protein kinases (Jonas & Kaczmarek, 1996; Johnson et al. 2009; Lin et al. 2010) . For example, K + currents mediated by K V 1.2 were increased by PKA activation in oocytes (Drain et al. 1994 ), HEK293 cells (Connors et al. 2008) and Chinese hamster ovary (Bosma et al. 1993) . In cortical pyramidal neurons, macroscopic K + currents obtained with whole-cell recording at the soma should contain currents activated at different cellular compartments, including the soma, dendrite and the axon. Due to space-clamp problems, the whole-cell macroscopic K + currents mainly reflect the activation of perisomatic channels. We demonstrate in this study that not only perisomatic K + channels but also those located at remote axonal segments were subjected to dopaminergic modulation. At the intact axon blebs, activation of D1 and D2 receptors inhibited and enhanced axonal K + currents, respectively. Reducing PKA activity could block D1-induced inhibition of K + currents. A complete cAMP-PKA signalling pathway may exist in the axon because forskolin and PKI could efficiently change the voltage-dependent properties of K + currents in the mechanically isolated axon blebs. Interestingly, J Physiol 591.13 although forskolin and PKI showed opposite effects on the activation curve, they both shifted the inactivation curve toward hyperpolarizing membrane potential levels (Fig. 4) . Similar to the effect of forskolin, activation of D1 receptors shifted the activation and inactivation curves towards depolarizing and hyperpolarizing potentials, respectively (Fig. 6) . These results suggest that the activation and inactivation gates of the K + channels could be differentially regulated by the cAMP-PKA system.
Previous studies showed that D1 and D2 receptors are expressed in the somatodendritic compartments (Vincent et al. 1993; Smiley et al. 1994; Santana et al. 2009 ). In layer 5 of PFC, D1 and D2 receptors tend to express in distinct subpopulation of pyramidal neurons. Neurons with compact apical dendrites express D1 receptors, whereas those with thick-tufted apical dendrites express D2 receptors (Gee et al. 2012; Seong & Carter, 2012) . In this study, we obtained recordings from large layer 5 pyramidal neurons regardless of their dendritic morphology and revealed the expression of D1-like receptors at their axons. Due to the lack of selective D1 and D5 receptor antagonists, we were not able to identify the receptor subtype that mediated the SKF-induced suppression of axonal K + channels in this study. The expression of D1-like receptors in the axon was supported by several lines of evidence. Firstly, the inhibitory effect of DA could be enhanced by the presence of D2 antagonist, indicating that D2 antagonist unmasked the effect of DA-activated D1-like receptors. Secondly, D1 agonists (including both SKF81297 and SKF38393) inhibited the axonal K + current to a similar extent to DA. Thirdly, similar to the effect of forskolin, SKF changed the voltage-dependent properties of axonal K + currents, excluding the possibility of its non-specific effect on channels. Finally, in agreement with the activation of D1 receptors, the inhibitory effect of SKF81297 could be abolished by the PKA inhibitor H-89, indicating the involvement of the PKA pathway in mediating the effect of SKF. Previous findings suggested that DA or its receptor agonist could also activate certain types of adrenergic and serotonergic receptors (Briggs et al. 1991; Cornil et al. 2002) ; however, our results demonstrate that DA-induced modulation of axonal K + currents still occurred in the presence of antagonists for these monoamine receptors (Fig. 5G) , suggesting that the effect of DA could be mediated by its own receptors.
The failure of D1 antagonists in blocking SKF-and DA-induced current inhibition could be attributed to their non-specific effects on other receptors, such as serotonin receptors (Millan et al. 2001) . In our experiments, at a relatively higher concentration, D1 antagonists also significantly decreased the axonal K + currents (Figs 2 and 5), suggesting a non-specific effect. Surprisingly, when we used a low concentration of SCH23390 that showed no obvious effect on baseline K + currents, SKF-induced reduction of K + currents in the soma was diminished (Supplementary Fig. 1 ), but not that at the axon (Fig. 2E) . One explanation for the inconsistency of these results is the existence of a new D1-like receptor at the axon that is insensitive to the antagonist SCH23390. Unlike D2-like receptors, unique splice variants of D1-like receptors cannot exist because genes encoding D1 and D5 receptors are intronless; however, a new D1-like receptor (known as DAMB) with low sequence identity with other D1 receptors has been identified in Drosophila mushroom body (Han et al. 1996) . Although it remains unknown whether DAMB orthologues or other D1-like receptors exist in mammalian brain, it is possible to isolate new receptors based on sequence homology with invertebrate receptors (for example, the isolation of human 5-HT 7 receptor). Another explanation is the existence of DA receptor heteromers (e.g. D1-D2, D1-D3, D2-D5; Lee et al. 2004; Fiorentini et al. 2010; Hasbi et al. 2010) in the axon. Heteromers may have distinct pharmacological properties from D1 receptors. Future studies are needed to investigate the identity of axonal DA receptors and the difference between somatic and axonal receptors. Previous findings have revealed that the axon can express subunits or subtypes of neurotransmitter receptors distinct from those distributed in the somatodendritic compartments. For example, α2 subunit-containing GABA A receptors predominantly distributed in the axon (Nusser et al. 1996) , and 5-HT 1A and D3 receptors also target to the axon initial segment (Czyrak et al. 2003; Bender et al. 2010) . Similarly, it is possible that axonal DA receptors may differ from those distributed in the somatodendritic compartments. Whether axonal K + channels are subjected to regulation by other neuromodulators (such as serotonin and noradrenaline) remains to be further examined. Interestingly, our immunostaining results revealed that some of the TH-containing fibres also expressed DBH; co-release of dopamine and noradrenaline may occur in these fibres (Devoto et al. 2001 (Devoto et al. , 2004 and subsequently modulate axonal channels.
The modulation of K + currents by dopamine receptors was consistent with changes in AP waveforms at both the soma and the axon. Considering that somatic and axonal K AP were dominated by A-and D-currents, respectively, broadening of somatic and axonal APs upon D1 receptor activation reflected the modulation of corresponding channel subtypes. Since AP backpropagation plays an important role in mediating spike-timing-dependent synaptic plasticity, changes in AP waveforms at the somatodendritic compartments may influence the time window for this type of plasticity. At the axon, AP waveform changes may cause alteration of synaptic strength. In mossy fibre boutons, progressively inactivating A-current during high-frequency firing could cause an increase in AP duration and result in an enhancement of neurotransmitter release (Geiger & Jonas, 2000) ; in the pyramidal neuron axons, propagation of subthreshold J Physiol 591.13 Dopaminergic modulation of axonal K + channels 3249 depolarization from the soma could cause inactivation of K V 1 channels and broadening of axonal APs, which may subsequently enhance synaptic transmission (Kole et al. 2007; Shu et al. 2007b) and regulate the dynamic balance between cortical excitation and inhibition (Zhu et al. 2011) . Therefore, dopaminergic modulation of axonal K + currents revealed in this study represents a new mechanism for dopaminergic regulation of neuronal signalling and supports the 'waveform coding' hypothesis (de Polavieja et al. 2005; Shu et al. 2006; Juusola et al. 2007; Shu, 2011) . The opposite effects of D1 and D2 receptors and the absence of an effect of DA (50 μM) on axonal K + current suggest that a balance between activities of these receptors may finely tune the neuronal and circuit activities at the PFC and thus regulate higher-order behavioural and cognitive functions; disruption of this balance may result in brain disorders such as schizophrenia and Parkinson's disease.
